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ABSTRACT
In an era of increasingly multidisciplinary science,
it is essential to identify the frontiers as well as the
core of an inherently holistic discipline: ecosystem
ecology. To achieve this, we led a series of town
hall events at multiple scientific-society meetings
over a two-year period followed by a workshop
with a diverse set of ecosystem scientists to review
and expand on those outcomes. For the society
town hall events 70 individuals were asked to
give short, provocative (the so-called, soapbox)
presentations and audience members (250) filled
out tailored surveys. Both presentations and sur-
veys were transcribed and themes were extracted
and analyzed before and during the follow-up
workshop. Formal ethnographic analysis of the
soapbox texts produced three major themes:
‘‘frontiers,’’ ‘‘capacity building,’’ and ‘‘barriers to
implementation,’’ including several subthemes. A
workshop was held to analyze the ethnographic
data where workshop participants further grouped
key frontiers as (1) rethinking the drivers of
ecosystem change, (2) new insights into ecosystem
process and function, (3) evaluating human
dimensions of ecosystem ecology, and (4) new
angles on problem-solving/applied research. In
addition, 13 experts were interviewed to cross-
check interpretations. The survey data, workshop
deliberations, and expert interviews suggest that
the core of these frontiers defines the current state
and provides the foundational knowledge that
bounds ecosystem ecology as a discipline. In re-
sponse to emerging complex environmental issues
and ongoing socioecological challenges, the edges
of these frontiers expand fundamental ecosystem
ecology to engage and intersect with disciplinary
realms to create new ways of making sense of
complexity, and to develop an even more holistic
understanding of ecological systems. In this paper,
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we present our synthesis of the frontier and core
research themes with the goal of inspiring the next
wave of studies in ecosystem ecology.
Key words: networks; ecological systems;
thresholds; human dimensions; state changes;
drivers of change.
INTRODUCTION
Ecosystem ecology has been a fundamental disci-
pline in environmental science since it emerged in
the 1960s as an integrative field. Ecosystems are
studied as units that encompass not only the
organisms within a defined boundary but also the
physical environment with which they interact;
flows of energy lead to trophic structure, biotic
diversity, material, and information cycles (Odum
1969; Likens 1992; Golley 1996; Weathers and
others 2013a). As science is becoming more inter-
disciplinary (for example, Uriarte and others 2007;
Bechtold and others 2013; Cheruvelil and others
2014; Heffernan and others 2014), particularly
surrounding the topical areas of global environ-
mental change and sustainability, ecosystem ecol-
ogy is often at the intellectual heart. Given the
dynamic nature and wide scope of ecosystem
ecology, there has been interest in defining its
intellectual frontiers, core foci, and its central place
within the broader fields of environmental science
(Baron and Galvin 1990; Likens 1992; Pace and
Groffman 1999).
Often efforts to define the frontiers of a field re-
sult either from a focused initiative by a small
number of leaders (for example, an essay or a book;
Likens 1992; Golley 1996), or from developing a
‘‘science plan’’ to help guide a specific research
program (for example, Baron and Galvin 1990,
National Ecological Observatory Network, or the
Arctic System Science Program). To gain a sense of
what the overall ecosystems research community
identifies as the frontiers of the science, without a
specific initiative as a target, and in the spirit of co-
design, we led a series of workshops and discussion
groups over a two-year period at multiple scien-
tific-society meetings, convened a workshop to
discuss and expand upon those data, and con-
ducted expert interviews to crosscheck frontiers.
COMMUNITY INPUT: TOWN HALL MEETINGS
AND SOAPBOX PRESENTATIONS
Community meetings and town halls were held at
the Ecological Society of America (ESA), Associa-
tion of the Sciences of Limnology and Oceanogra-
phy (ASLO), International Symposium on
Microbial Ecology (ISME), Long Term Ecological
Research Network All Scientists Meeting (LTER
ASM), Soil Science Society of America (SSSA) and
American Geophysical Union (AGU), where soap-
box presentations were made (Box 1) and surveys
were administered (Supplement 1).
The contents for all the 69 soapbox presentation
videos (Box 1) as well as 253 surveys (Supplement 1)
were transcribed and analyzed using ethnographic
techniques. More specifically, the transcription files
were used to create hermeneutic units (groupings
of files based on some underlying shared charac-
teristics or meanings, such as career stage, disci-
pline, professional affiliation) for stakeholder
groups. We then deductively (applying relevant
existing codes to the text) and inductively (apply-
Box 1. Soapbox Presentations
A Steering Committee (SC) guided this community assessment. At each of the workshops or town halls, the SC asked
approximately eight people to give 1–3 min, engaging talks (hereafter referred to as ‘‘soapbox’’—a forum that provides
an opportunity for a person to articulate his/her views publically) that were required to be short and pithy and that
would be intentionally provocative about the questions they would pursue to press the frontiers in ecosystem ecology if
resources of $10 million were available. In most cases, we were able to provide some type of actual ‘‘box’’ for speakers to
stand on. Following the soapbox presentations, we invited volunteers to add their soapbox perspectives. About half of
the presentations were invited and half were from volunteers. All presentations were recorded (video and audio) and
analyzed for content.
Those in attendance at the workshops had the opportunity to contribute their own ideas and to react to the ideas of all
soapbox speakers through surveys. At the beginning of the session, audience members filled out a survey with questions
about demographic information, academic background, and research focus. The survey also included questions about
preferred definitions and research areas in ecosystem ecology. After the presentations, participants filled out the final
section of the survey where they expressed opinions and preferences about the soapbox presentations they had heard.
Following the surveys, we organized discussions, either in small groups ( 10 people, 30 min) or as plenary discus-
sions, that explored the common and missing elements and themes of the soapbox talks.
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ing new codes that emerged from the text analysis)
extracted themes from the presentations to identify
and define frontiers of ecosystem ecology. These
data and analyses formed the basis for discussions
at a workshop held at the Socio-Environmental
Synthesis Center (SESYNC). This workshop was
composed of approximately 30 scientists, from a
range of career stages, representing a diversity of
subdisciplines in ecosystem ecology and the social
sciences. It focused on: What are the research
frontiers for ecosystem ecology? What limitations
or barriers exist, and how do they complicate
addressing these frontiers? What are the opportu-
nities? After the workshop, we crosschecked our
findings by comparing them to 13 individual
interviews with expert (that is, practitioners with
significant experience in a range of wet to dry
ecosystems) ecosystem ecologists to explore both
core and fringe frontiers topics in ecosystem ecol-
ogy (Supplement 3).
THE SURVEY AND THE PARTICIPANTS
Our survey contained two distinct parts and began
with questions about the respondent, including the
question ‘‘how would you introduce yourself to
ecological colleagues?’’ (Supplement 1, Table 1).
We then presented six common definitions of the
term ‘‘ecosystem’’ and asked participants to rank
their most and least favorite of these definitions
(Box 2). Survey participants were also given an
opportunity to propose their own definition. The
first part of the survey then ended with the ques-
tion ‘‘If you had 1 min to argue for a major new
research funding initiative, what would you say is
the most important question for ecosystem ecolo-
gists to explore in the coming decade?’’
After the first part of the survey was completed,
participants listened to the series of soapbox talks
and then filled out the second part of the survey
which asked them to rate the talks that they heard
in terms of ‘‘what topics were most interesting,’’
‘‘what topics were most ‘‘frontier’’ to ecosystem
ecology,’’ and ‘‘what topics were most ‘‘core’’ to
ecosystem ecology.’’ Participants were also asked if
the soapbox talks had changed their ideas about the
most important question for ecosystem scientists to
explore in the coming decade.
The 253 survey participants were well distributed
across the scientific society meetings, but the lar-
gest number of surveys came from the sessions at
the LTER All Scientists Meeting (24.1%) and the
ESA annual meeting (18.6%). We held sessions at
two ASLO Aquatic Sciences meetings, one in Japan
(13.4%) and one in New Orleans (15.4%), so
Table 1. Frontiers in Ecosystem Ecology Survey
Respondent Answer to the Question: How Would
You Introduce Yourself to a Colleague?




Community ecologist 25 4.2%
Ecologist 82 13.6%
Ecological modeler 13 2.2%
Ecosystem ecologist 104 17.3%
Ecosystem scientist 62 10.3%
Environmental scientist 39 6.5%
Plant ecologist 12 2.0%
Limnologist 36 6.0%
Microbial ecologist 42 7.0%
Stream ecologist 27 4.5%
Wetland ecologist 19 3.2%
Other 42 7.0%
Total 602 100.0%
Box 2. What’s in a Definition?
The two largest groups of participants by career stage were full professors (23.9%) and graduate students (23.9%); no
other specific group was greater than 10%. This grouping provided an interesting perspective on the outlook and
priorities of two classes of key players in ecosystem ecology at different ends of the career spectrum. These two groups
had markedly similar most and least preferred definitions of the term ‘‘ecosystem.’’ Both groups expressed a clear
preference for Definition E (‘‘any unit that includes all of the organisms (that is: the ‘‘community’’) in a given area
interacting with the physical environment so that a flow of energy leads to clearly defined trophic structure, biotic
diversity, and material cycles (that is: exchange of materials between living and nonliving parts) within the system is an
ecosystem’’ and a clear lack of preference for Definition D (‘‘an ecosystem is a biological environment consisting of all
the living organisms or biotic component, in a particular area, and the nonliving, or abiotic component, with which the
organisms interact, such as air, soil, water, and sunlight’’). This contrast illustrates the strengths and weaknesses of our
analysis. While the similarity between the youngest and oldest groups suggests that there is some intellectual coherence
within the discipline, we have little basis for determining just what about these definitions appealed (or not) to different
groups.
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approximately one third of the survey respondents
came from the ‘‘wet end’’ of the discipline, and
given the organizational structure of those meet-
ings, most likely working on inland waters rather
than in marine ecosystems. At the ‘‘dry end,’’ we
ran a session at the SSSA (12.3%). The sessions at
AGU (11.5%) and ISME (4.3%) were our smallest.
Most (67.2%) survey participants held a Ph.D. and
were an average of 40.7 years old (Fig. 1). Fifty-
eight percent of the participants were male, 42%
female. The two largest groups of participants by
career stage were full professors and graduate stu-
dents; no other specific group was greater than
10% (Supplement 2). Contrasts and similarities in
the two largest group responses were inconclusive,
but interesting (Box 2).
Cross-Check Expert Interviews
Finally, 13 expert interviews with key informants,
whose focal areas spanned a wet-to-dry spectrum
(Supplement 2), were conducted during the spring
of 2014 using ethnographic methods from anthro-
pology (Van Dolah and Paolisso (2014), unpub-
lished). Experts were randomly chosen by the
ethnographers from a list of approximately 20 sci-
entists compiled by the PIs, based on broad criteria:
demonstrated visionary thinking, writing, leading,
and/or speaking; had not participated in the pro-
ject’s previous soapbox sessions or workshops; and
represented diverse ecosystem foci, career stages,
and demographics. The method for this analysis
primarily consisted of semi-structured interviews,
based on a set of open-ended questions (Supple-
ment 3) that enables the researcher to collect
in-depth descriptive text in order to identify explicit
and implicit knowledge, understandings, beliefs,
and values surrounding a topic area, in this case,
frontiers of ecosystem ecology.
Surveys were analyzed in SPSS (v23). Tran-
scriptions of the soapbox talks were deductively
and inductively analyzed using Atlas.ti (v 6).
Frontiers derived from these data were identified,
quantified, discussed, and expanded upon at a
workshop of approximately 30 invited participants.
The data collected from expert interviews were
recorded, transcribed, and analyzed in Atlas.ti,
again using a deductive- and inductive-coding
process (Van Dolah and Paolisso (2014), unpub-
lished report).
FRONTIERS: INTERPRETATIONS OF THE
SOAPBOX TALKS AND SURVEYS
Four overarching research frontier foci emerged
from the soapbox presentations: rethinking and
unraveling new drivers of ecosystem change, elucidating
ecosystem process and function, human dimensions of
ecosystem ecology, and problem-solving/applied research
(Table 2). Interestingly, there was a difference in
overarching frontiers identified among scientific
societies. Although the town hall conducted at the
AGU Fall meeting identified frontiers at bio–phys-
ical–chemical interfaces using the tools of large-
scale experiments and modeling, it was the inter-
section of the socio–bio–physical–chemical that was
most often highlighted at the ESA, LTER ASM, and
ASLO meetings. The SSSA and ISME foci were on
process-level frontiers involving microbes. Formal
text analysis of the soapbox presentations produced
two (in addition to ‘‘research/conceptual frontiers,
as noted above) major, overarching themes
including ‘‘capacity building’’ and ‘‘barriers to
implementation,’’ with four or five subthemes
within each major theme (Table 2).
As noted above, a workshop was held at SESYNC
to synthesize and expand upon the results of the
surveys and soapbox presentations. Participants in
the SESYNC workshop were given all of the text
fragments that were used to derive these themes
and subthemes in advance of the workshop and
were asked to consider: (1) What were the key
patterns or findings that emerged from the text? (2)
What, if anything, is missing? (3) What findings
surprised you? Responses to these questions
formed the basis for discussions at the SESYNC
workshop where small groups developed the
frontier themes and discussed the frontier sub-
themes in greater detail. The expert interviews
corroborated the topics identified, confirmed their
Fig. 1. Age distribution of participants in the Frontiers of
Ecosystem Ecology Survey administered at scientific
society Town Hall events.
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relevance, and shed further light on the nature of
frontiers in our discipline (see below). Here we
review each frontier focal topic that emerged from
the data, and provide more general, cross-cutting
discussion of ‘‘barriers to implementation,’’ and
‘‘capacity building.’’
Rethinking and Unraveling the Drivers of
Ecosystem Change
A major group of frontier topics that emerged fo-
cuses on the drivers of ecosystem change. Classical
thinking about drivers emphasized slow and steady
change, linear processes, and systems composed of
sets of processes changing at similar time scales.
Ecosystem ecology is undergoing a significant
reevaluation of all of these. An example is phe-
nomena that cause ecosystems to shift abruptly to a
different structure or organization. Understanding
ecosystem state changes (for example, abrupt
change in structure or function) that involve
crossing ecological thresholds, and the components
of ecosystem stability (resistance, resilience) that
regulate these changes are long-established, core
topics in ecosystem ecology (Odum 1969; Holling
1973; Gunderson 2000). Yet, there are new data
and perspectives on these topics, and they remain
frontiers, in part because it has been difficult to
translate theory into practices that allow for pre-
diction, prevention, and/or management of dra-
matic, and unexpected changes in ecosystem
structure and function (Groffman and others
2006). Interest in this topic has heightened in re-
cent years due to increased observations of state
changes, and concerns that climate change is
increasing the vulnerability of many ecosystems to
these changes (CCSP 2009; Grimm and others
2013; IPCC 2014).
In addition to dramatic state change as a frontier
topic, there is also interest in incremental change in
ecosystem structure and function as a response to
specific environmental drivers. The interaction and
distinction between these types of change is a
particular frontier within this broader topic, that is,
which drivers tend to generate nonlinear (extreme
events, disease) versus linear (average temperature
change) responses? When and where do linear
drivers have threshold effects?
The great challenge in this frontier area is that
the drivers of ecosystem change are complex.
While we have a deep understanding of the broad
‘‘state’’ factors that influence the general structure
and function of ecosystems (Amundson and Jenny
1997), even this understanding is often at a level
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quantitatively predict them, and there are numer-
ous more stochastic drivers that operate at diverse
spatial and temporal scales as proximal and distal
controllers that can create enormous complexity
(Groffman and others 2004; Melack and others
2011). Attempts to classify these drivers have
foundered on questions related to the importance
of the magnitude versus the rate of change of a
driver. Intersecting drivers (for example, climate
and nitrogen deposition) present an array of chal-
lenges (Thomas and others 2010; Porter and others
2013). Yet, the need for developing quantitative
understanding of the relationships between drivers
and responses of ecosystem change continually
increases with our reliance on multiple ecosystem
services for human well-being (Carpenter and
others 2009).
Participants in the workshop noted that major
progress has been made in this frontier area in re-
cent years. The assessment of detailed case studies
of state change have led to the development of
ideas about the key factors that underlie these
changes, for example, the importance of ‘‘big,
slow’’ nutrient pools in soils and sediments
(Groffman and others 2006; Bestelmeyer and oth-
ers 2013) or cross-scale interactions where a pro-
cess at one scale (for example, shrub establishment)
interact with other processes at larger scales (for
example, wind erosion) to result in nonlinear
dynamics that create threshold responses (for
example, conversion of grassland to shrubland)
(Peters and others 2007; Wang and Loreau 2014).
New ideas about changes in variability as an ‘‘early
warning’’ of state change may lead to improved
ability to predict and prevent these changes (Brock
and Carpenter 2010; Carpenter and others 2011;
Scheffer and others 2009, 2012). Long-term
manipulation studies have led to quantitative
understanding of how linear changes in drivers (for
example, fertilization, warming) can lead to
ecosystem collapse (for example, salt marshes)
(Deegan and others 2012) or structural change (for
example, tundra to shrub) (Sistla and others 2013).
New ideas about the nature of environmental
drivers have also led to progress in this frontier
area. Investigations of climate change as a driver of
ecosystem change have moved past simple analyses
of abiotic variation, such as focusing on average
temperature and precipitation as controllers, to
emphasizing critical components of those averages.
For example, demonstration of how extreme cli-
mate factors can drive insect and disease outbreaks
that can disrupt ecosystem structure and function
(Paradis and others 2008; Raffa and others 2008;
Dukes and others 2009). There has been
notable progress in conceptualizing and then
operationalizing interactions between climate and
socioecological drivers of change, such as the
interaction of changes in agricultural management
practices and climate change in driving the ‘‘re-
eutrophication’’ of Lake Erie (Michalak and others
2013). Understanding the effects of land-use
change on ecosystem structure and function and,
perhaps more importantly, understanding the
socioeconomic drivers of the land-use change itself
is critically important. In addition, illuminating the
feedbacks between these changes in socioecological
structure and function, expressed as ecosystem
services, on drivers is a research frontier (Turner
and others 2007).
New perspectives on the drivers of ecosystem
change have been incorporated into management
and planning efforts to improve ecosystem resi-
lience and/or to maintain ecosystem services in the
face of environmental change (Tallis and others
2008). There has been particular progress in
understanding how ecosystems, such as coastal
marshes and wetlands, buffer adjacent water bodies
to flooding and nutrient loading (Peters and others
2011), and in understanding how management,
climate, and vegetation interact to control the
nature and extent of fire (Larson and others 2013).
However, using this understanding in actual land-
scapes remains a frontier (see ‘‘human dimensions
of ecosystem ecology’’ frontier below).
New Understandings of Ecosystem
Process and Function
Although ecosystem ecology is a fundamentally
holistic and integrative science, understanding the
fine-scale processes that drive ecosystem functions
remains fundamental to the field. Process-level
topics remain at the frontiers of ecosystem science
due in part to the emergence of new concepts,
tools, and research approaches. Within this overall
focus, a key frontier has been, and continues to be
understanding the nature and strength of feedbacks
among system compartments, as these feedbacks
not only regulate the functioning of individual
ecosystems but also interactions with the larger
earth system. Another dynamic area is processes
regulated by microbes that carry out much of the
production, consumption, decomposition, and
nutrient cycling within ecosystems (Zimmerman
and others 2014). New molecular, enzymatic, and
isotopic techniques have revolutionized our ability
to ‘‘open the black box’’ of the microbial commu-
nities. As a consequence of these advances,
ecosystem ecology has fundamentally ‘‘rewired’’
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some of the classical depictions of nutrient cycles.
Nitrogen, for instance, is now known to be trans-
formed in ways previously unknown (Francis and
others 2007; Yang and others 2014) by organisms
previously undescribed. There is also continued
strong interest in the interactions between pro-
ducers and consumers with a focus on above-
ground/belowground interactions, mycorrhizal
associations, and root/microbial interactions in
terrestrial ecosystems (Wardle 2002) and in recy-
cling—as well as priming effects between producers
and consumers in both aquatic and terrestrial sys-
tems (Janssens and others 2010; Cottingham and
others 2015). These process-level frontiers are
being driven by expansive thinking about the
capabilities of microbes and plants, for example, the
ability of plants to take up organic forms of nutri-
ents (e.g., Eviner and Chapin 2003; Schimel and
Bennett 2004; Na¨sholm and others 2009), the dis-
covery of ocean vent food webs driven solely by
chemical sources of energy, or the field of aerobi-
ology (Kellogg and Griffin 2006).
At larger scales, technology is expanding our
senses and ability to link process and function. For
example, ecological observatories, especially those
that use high temporal and spatial resolution sen-
sors, are increasing worldwide (for example, Na-
tional Ecological Observatory Network, NEON;
Global Lake Ecological Observatory Network,
GLEON; Ocean Observations Initiative (OOI);
Critical Zone Observatories (CZO); Bonan and
others 2012; Weathers and others 2013a; Wieder
and others 2014). We are now able to ‘see’ aspects
of ecosystems that were previously invisible, whe-
ther because we can measure continuously on the
span of minutes to days, or across meters to kilo-
meters, or because we can remotely sense indices of
ecological function using new tools (canopy
chemistry from airborne sensors, for example, As-
ner and Vitousek 2005). Further, with the growth
of networks of scientists (for example, LIDET 1995;
LTER; GLEON; NUTNET (Borer and others 2014);
International Geosphere Biophere Programme
(IGBP.net)), the community as a whole is able to
address classical questions at global scales and even
to ask different, new questions because of the di-
verse approaches, tools, and minds that are brought
to the table (Bechtold and others 2013). As a con-
sequence, we now have complex datasets through
which we can both identify patterns, and ulti-
mately, discover new relationships between pattern
(structure) and function.
Further, new tools and approaches allow us to
confront new and or existing models and theory
with new high-resolution datasets. Increasingly,
this is happening with community-owned open
source models (Hamilton and others 2014; GitHub;
www.gleon.org). When NEON is fully operational,
our capacity to study ecosystem processes from
regional to continental scales using high-frequency
(temporal and spatial) data will increase signifi-
cantly (Schimel and others 2007). An ambitious,
but critically important, and feasible goal is to
incorporate more biology and ecology into Earth
system models (see community land model) (Tho-
mas and others 2013).
An additional frontier identified by the commu-
nity is to link evolutionary processes to ecosystem
ecology in the context of global environmental
change (Lau and others 2014). Over decadal time
scales, organisms will adapt to the changing selec-
tive pressures, and thus change their specific
functional characteristics, altering ecosystem func-
tion, and species interactions. These interactions
play out dramatically in the assembly and function
of novel ecosystems driven by climate change and
invasive species (Lau 2006; Chisholm and Levin
2012), and are a novel platform for investigating
connections between structure (including genetic)
and ecological function.
Ecosystem biogeochemistry is also changing as
unidimensional approaches (for example, earlier
work focused mainly on single element, or one
element and carbon) give way to multidimensional
ones (Melack and others 2011; Schlesinger and
others 2011). For example, the emergence and
growth of ecological stoichiometry (Sterner and
Elser 2002) is putting focus on understanding how
linked element cycles impart structure to ecosys-
tems. Understanding linked biogeochemical cycles
within socioenvironmental systems is a nascent
field, but it has great potential for furthering
understanding of complex ecosystem responses to
multiple dimensions of environmental change.
Finally, environmental disasters (for example,
hurricanes, floods, ice storms, extreme droughts),
which are predicted to increase with global change
(IPCC), present remarkable challenges as well as
opportunities for studying links and disconnects
between ecosystem structure and function (Smith
2011). Our best understanding is of ecosystem re-
sponse to gradual change or to ‘‘regular’’ distur-
bance and successional recovery, such as forest
harvest. There is great uncertainty about response
to ‘‘unseasonal’’ disruptions, combinations of
unusual disruptions, or disruptions that occur more
frequently or at different times than anticipated.
For example, chaparral burns regularly and nor-
mally recovers back to chaparral within a decade.
However, if fire frequency increases, say from 20 to
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50 years apart to 5 years, chaparral ecosystems
may become grasslands. Understanding when and
how novel disturbance regimes trigger state change
is a frontier for mechanistic ecosystem ecology.
Another clear frontier, therefore, is to develop new
monitoring, experimental manipulation, and
modeling approaches to document and understand
these increasingly common, uncommon events
(Wuebbles and others 2014).
Evaluating Human Dimensions of
Ecosystem Ecology from New Angles
Humans affect the environment at all scales—no
species since the first cyanobacterium has had such
a dramatic effect on ecosystem structure or func-
tion. Ecosystem ecologists have long acknowledged
this (Odum 1969; McDonnell and Pickett 1993),
initially studying humans as drivers of ecosystem
change, but in recent decades incorporating hu-
mans into ecosystem studies. Conceptually, we
have moved from humans affecting the environ-
ment to humans as part of the environment. Thus, a
new frontier is integrating human impacts and
interactions within our knowledge of ecosystems to
better understand current, and predict future
ecosystem states. A recent compilation of critical
questions in the field did not include humans
(Sutherland and others 2013), emphasizing that
this is still a frontier challenge.
Understanding socioenvironmental systems in a
truly interdisciplinary, if not transdisciplinary
manner, remains a frontier from the perspectives of
both the social and ecological sciences (Pickett and
others 2005; Collins and others 2010). Humans
redistribute, concentrate, and disperse chemicals,
mass, organisms, and information around the pla-
net (Weathers and others 2013a). Sometimes these
actions are deliberate, such as with phosphorus
that is mined and reapplied (Childers and others
2011), and with nitrogen that is fixed through both
industrial chemical production and as a byproduct
of combustion; these processes have increased
exponentially since World War II (Galloway and
others 2008). Many of the frontiers for ecosystem
ecology sit squarely in the realm of understanding
novel socioenvironmental controls and feedbacks
that result from considering humans as compo-
nents of ecosystems (Alberti and others 2003;
Redman and others 2004; Liu and others 2007).
The role of cultural contexts, such as socioeco-
nomic status, cultural value, belief systems, and
governance structures in regulating changes in
ecosystem structure and function, is ripe for study
(Grove and others 2006a, b; Chowdhury and others
2011). Sociocultural change is accelerating ecosys-
tem processes, and resulting in ecological ‘surprises’
such as high biodiversity and net primary produc-
tion in human settlements (Knapp and others
2012; Groffman and others 2014). As with under-
standing ecosystem processes, functions, and dri-
vers of change, there are increasingly, new
analytical and synthesis tools and cross-system
dynamic comparisons that enable us to ask ques-
tions about how human factors regulate responses
to environmental change, and to determine how
understanding socioenvironmental systems leads to
actionable science (Collins and others 2010; Har-
den and others 2014). There is a clear need to
understand how human knowledge and value
systems are linked to human actions in the envi-
ronment (Ostrom 2009).
As noted above in regard to linked biogeo-
chemical cycles, we must develop currencies for
comparing ecosystem impacts of land-use change,
resource extraction, and more ecologically based
functions (for example, water-quality mainte-
nance, climate regulation) in order to accurately
assess tradeoffs in ecosystem services or function.
Doing so will help address questions on projected
entrainment of element cycles by markets (Vi-
tousek and others 1997; Galloway and others 2008;
Graedel 2011) and how this will influence water
and air qualities. The emergence of ‘‘ecosystem
services’’ as a platform for making these assess-
ments has been, and will likely continue to be a
clear frontier area over the next decades (MEA
2005; Tallis and others 2008).
There are also clear frontiers in scaling issues (see
also below). Examples include: at what spatial scale
and in what combinations are humans affecting
ecosystems, and how does human impact vary with
scale (economies of scale, variations in affluence/
diet/cultural expectations, and technologies)? Fur-
ther, it is important to understand historical influ-
ences on current issues: How do decisions made in
the past constrain options for managing ecosystems
today and in the future? For example, are con-
taminant and land-use legacies constraining op-
tions for present and future ecosystem structure
and function (Cadenasso and others 2006; Troy and
others 2007; Bigsby and others 2014; Lewis and
others 2014)? Do these legacies limit opportunities
to restore/enhance ecosystem functions in de-
graded landscapes (Palmer and others 2005)? How
can restored ecosystems be designed for resilience
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to environmental change and deliver the maxi-
mum level of ecosystem services (Felson and others
2013)?
Although analyzing the past as a constraint is
important, there are also clear frontiers in consid-
ering the future, in particular the need to anticipate
and avoid global environmental change-induced
bottlenecks in food and water supplies. Demo-
graphic and climate change projections for the fu-
ture must be merged, and predictions must be
downscaled to regions (Grimm and others 2008a,
b). The emergence of ‘‘scenario science’’ may pro-
vide a platform for developing multidisciplinary
research programs to investigate future trajectories
of coupled human–natural systems (Clark and
others 2001; Coreau and others 2009; Thompson
and others 2011; Staudinger and others 2013).
Problem-Solving/Applied Research:
Enhancing Relevance to Human Welfare
A clear frontier that emerged from the soapbox
presentations was the desire to solve pressing
problems of current environmental relevance. Al-
though we recognize that ecosystem ecology has
long functioned as a basic science with applied
relevance, we were still somewhat surprised at the
number of speakers who suggested that we should
focus on unraveling the mysteries of nature to the
end of applied (that is, research to solve problems)
socioenvironmental research. This was particularly
true of the ESA and LTER ASM meetings. Our
community assessment clearly suggested that there
is enthusiasm among ecosystem ecologists for
solving real problems, or generating actionable
synthesis and science (Chapin and others 2010).
The list of problems to which ecosystem ecology
can contribute is large and significant. Future
Earth, a 10-year international program co-spon-
sored by the Science and Technology Alliance that
aims to achieve greater global sustainability using
integrated transdisciplinary approaches, has iden-
tified eight focal challenges for humanity (fu-
tureearth.org). Most if not all of these challenges
will require input from ecosystem ecologists. In-
deed, the components of ecosystems and functions
of the whole serve humanity and are fundamen-
tally important to food production, and the health
of animals, water, air, and soil (see above). For
example, many, if not most, biodiversity and
ecosystem processes are fundamental to food
security (Foley and others 2005; Duarte and others
2009; Rockstrom and others 2009; Tilman and
others 2009; Foley and others 2011), and water
security (Dodds and others 2009; Smith and
Schindler 2009). A clear frontier that has emerged
in recent years is recognition of the importance of
ecosystem processes in human health, including
determining disease risk (Myers and others 2013).
Again, new approaches to evaluate ecosystem ser-
vices have improved our ability to examine trade-
offs between provisioning services such as food
production, regulating services related to air and
water qualities, and cultural services related to
aesthetic and spiritual aspects of ecosystems (Chan
and others 2012). One major challenge of frontiers
is how ecosystem scientists could engage more
broadly in decision-making processes. Indeed,
ecosystem approaches help to provide integrated
solutions to major challenges in synergistic ways,
for example on topics such as coastal erosion, or
increasing biodiversity and C capture (Duarte and
others 2013). Furthermore, integrated ecosystem
evaluations that consider biogeochemical and
physical complexities will be essential to either
support or counter technological and geo-engi-
neered fixes to major environmental issues (Wal-
lace and others 2010; Conley 2012).
Enhance Prediction Capabilities
Especially at the AGU Fall meeting, there was a
clear call for developing ecosystem models that can
be modular, linked (that is, social data that feed
into ecosystem models and vice versa) and open
source, and that can confront large, publically
available datasets, and be further developed in
collaboration between empiricists and modelers in
real time. At other society meetings, there was
interest in developing models that will enable bet-
ter prediction of ecosystem function or response to
change in drivers (Coreau and others 2009). This
finding dovetails with another major theme of
soapbox presentations which was the need for
interdisciplinary, if not transdisciplinary (Eigen-
brode and others 2007) research, education, and
outreach where ecosystem ecology and ecologists
can play fundamental roles.
CAPACITY BUILDING: OPPORTUNITIES,
CHALLENGES, FRONTIERS
Ecosystem Ecology’s Holistic, Systems
Approach
In science there remains an age-old tension and
challenge at the intersection between reduction-
ism and holism (Levins and Lewontin 1980). This
is a genuine tension and struggle that has played
out over centuries (Likens 1992). A hallmark of
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ecosystem ecology is that it employs a systems
approach and is holistic (Odum 1969; Likens
1992; Weathers and others 2013a); this has ar-
guably been both a boon and a bane to progress.
In a positive sense, the holistic nature of ecosys-
tem ecology facilitates the interdisciplinary inter-
actions that are essential for progress in modern
environmental and sustainability science (Uriarte
and others 2007). On the other hand, holistic
thinking can also highlight the limitations of
theory, or theoretical frameworks that underpin
ecosystem ecology (see Cadenasso and others
2006; Burke and Lauenroth 2011), as mentioned
by many soapbox speakers and survey participants
(see below). Although ecosystem ecology has
frameworks that help us to organize our ques-
tions, theories that can drive the development of
mechanistic hypotheses about whole system
function are less well developed. For example,
there is an increasing debate about thresholds,
resilience, resistance, and early warning indicators
in the literature and in practice, and little agree-
ment on whether these ideas can be defined,
managed, predicted or avoided (Groffman and
others 2006; Duarte and others 2009; Bracken and
others 2013; Cottingham and others 2015). A
similar area of holistic need identified by respon-
dents was for more scaling laws to answer a wide
range of questions (Wu and others 2006).
Although the need for holism and cross-disci-
plinary collaboration is well recognized in envi-
ronmental science as a whole, disciplinary
chauvinism remains a problem (Eigenbrode and
others 2007; Cheruvelil and others 2014; Goring
and others 2014) and can hamstring truly holistic
and interdisciplinary advances. There is also con-
cern that current scientific culture offers few re-
wards and many costs for collaboration across
disciplines, especially for early career scientists
(Uriarte and others 2007; Goring and others
2014). These challenges stand in contrast to the
fact that nature ‘‘doesn’t do disciplines’’ and nei-
ther do people when considering complex system
problems. Thus, there are many opportunities for
building capacity on the holistic framework of
ecosystem ecology. The emergence of urban-,
agro-, and global-ecosystem ecology is an excel-
lent example of subdisciplinary foci where such
capacity has been built (Grimm and others 2008a;
Robertson and others 2012). Modeling tools and
new quantitative analyses also hold promise for
bridging systems and traditional disciplinary silos
(Ibanez and others 2010; van Oijen and others
2011).
Data, Technology, and Networks
‘‘Big data’’ are predicted to underpin discoveries into
the future (Hampton and others 2013) and clearly
present new opportunities for synthesis and analysis
of complex systems (Jones and others 2006). How-
ever, ‘‘big data’’ also pose significant challenges and
uncertainties. For example, no one entity is in
charge of keeping track of the ‘‘omics’’ and ‘‘sen-
sors,’’ and as a result, significant data are not easily
accessible, not useful when they can be accessed, or
their synthesis leads to spurious findings (Noor and
others 2006; Borgman and others 2007). Nonethe-
less, the era of big, complex datasets will provide
opportunities for understanding as well as devel-
oping new tools, including the validation and fur-
ther development of system models (Michener and
others 2007; Hamilton and others 2014). Indeed,
addressing many of the critical frontier topics listed
above (for example, thresholds, state changes, novel
drivers of ecosystem change) is likely to rely on new
capacities to compile and analyze large datasets
(Bascompte and Stouffer 2009).
Data sharing and cyberinfrastructure to support
exchange, exploration, and maintenance of data
are far from being perfect, available, and use-
able—specific network efforts (for example, LTER,
NEON, GLEON) notwithstanding (Keller and oth-
ers 2008; Michener and others 2011; Reichman
and others 2011). Further, challenges are marked
in the social sciences and in coupled natural–hu-
man systems research where many data must re-
main confidential. There is also a huge need to
match the spatial and temporal scales of data be-
tween and among disciplines. For example, some
social science disciplines rely on census data col-
lected at decadal time steps and on ‘‘city block’’
spatial scales, while ecosystem scientists are col-
lecting data at increasingly fine temporal and spa-
tial resolutions (Grove and others 2006a; Vemuri
and others 2011). Efforts to build socioecological
informatics are increasing (for example at SE-
SYNC), however, and these efforts should open
enormous opportunities.
Many new technologies make ecosystem mea-
surements easier, enabling scientists as well as cit-
izens to contribute data (for example, National
Phenology Network and GLEON Lake Observer
apps www.lakeobserver.org) that can be used to
monitor change for early detection/ rapid response
assessments (Bonney and others 2009; Theobald
and others 2015). However, many challenges still
exist (Dickinson and others 2010). For example,
there are few technologies that can measure biotic
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activity or function (for example, mineralization by
microbes, N or C fixation), and classifying and
elucidating the role of specific microbes in ecosys-
tem function in water, soil, or air is a frontier topic
not yet amenable to big data approaches. There are
some opportunities for using microbes as sensors of
change caused by drivers, for example, biotic
monitoring of water-quality and aquatic ecosystem
conditions (Paerl and others 2009). A real frontier
is to use new sensors, technologies (for example,
sequencing), and data methods to help open the
microbial ‘‘black box’’ and especially to understand
the role of microbes in ecosystem function (Wal-
lenstein and Hall 2012).
Networks
As noted above, networks of people, information,
and data in service of science are on the rise. The
science that has and will emerge from these net-
works is exciting (Schimel and others 2007; Klug
and others 2012; Robertson and others 2012) but
whether organized and administered from the top-
down or bottom-up, there are concerns about the
sustenance and sustainability of these networks,
including funding support, and people’s enthusi-
asm for network science, especially as networks
grow in size and complexity. NEON, and other
EONS (for example, GLEON) will offer some
tremendous opportunities for collection, analysis,
and sharing of high-quality data that are highly
relevant to analyzing the drivers of environmental
change (Klug and others 2012). However, they will
also need to be mindful of the need to build and
maintain network infrastructure and culture
(Weathers and others 2013b).
Training
The community noted the need for and emergence
of innovative programs designed for interdisci-
plinary training of graduate students (Careers:
STEM education 2015) (for example, Integrative
Graduate Education Research Training (IGERT)
Fellowships, now replaced by National Research
Traineeships) and network and systems training for
young investigators (for example, Macrosystems
Biology principal investigator meetings; GLEON
Graduate Student Association and Fellows’ Pro-
gram; Weathers and others 2013b; Read and others
unpublished manuscript; Hetherington and others
unpublished manuscript). The emergence of these
programs should be a significant aid in addressing
the frontiers of ecosystem ecology, but they must
be sustained, tailored, and revamped to match the
opportunities and needs of current and future
generations. We suggest that training programs
that are created around an (eco) systems approach
can be used across disciplines (see Hogan and
Weathers 2003; Uriarte and others 2007; Weathers
and others 2013a; Cheruvelil and others 2014;
Goring and others 2014). Further, these training
programs will be most successful if they include
retraining, and trainer trainings. New interest in
sustainability, and the large-scale, interdisciplinary,
and enormously complex problems that must be
solved to progress toward sustainability, should be
strong motivation for these programs.
BARRIERS TO RESEARCH AT THE FRONTIER
Both the survey respondents and the workshop
participants identified significant barriers that must
be overcome to address scientific frontiers in
ecosystem ecology. Although we identify some of
these barriers to progress (such as theoretical
thinking, and new training models) above, here we
detail other barriers identified by the community.
We stress that many of these have significant cul-
tural roots, meaning some of the barriers are
interwoven with how the scientific community
defines success, how we (do or do not) value col-
laboration, and whether and how we give credit to
participants in collaborative or network projects
(for example, Uriarte and others 2007; Cheruvelil
and others 2014; Goring and others 2014). Thus,
we assert that many of these barriers can be over-
come.
Fragmentation Across Ecosystem Ecology
There has been an increasing trend by funding and
mission agencies (NSF and others) to catalyze cross-
and interdisciplinary research (Box 3), but the
sense of the community is that not all agencies or
groups within agencies are equally willing to
identify common questions and reach across disci-
plinary boundaries to support research outside of
disciplinary silos or across systems (for example,
marine to terrestrial, or aquatic vs terrestrial,
hydrology, and biogeochemistry). Academically,
the ecosystem community is distributed across
multiple scientific societies. This brings both rich-
ness and division to the discipline. Indeed, soapbox
foci and conversations at different society meetings
yielded different insights about frontiers.
Data Access and Data Synthesis
As noted above, there are significant challenges in
the new era of ‘‘big data’’ (Schimel 2011; Hamp-
ton and others 2013; Soranno and Schimel 2014).
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Of particular concern is that no one entity is in
charge of keeping track of the different data
streams and compliance with data-sharing man-
dates is uneven (Noor and others 2006; Borgman
and others 2007). There is also concern that many
of the new innovations are not easily available,
affordable or accessible (for example, Hinckley and
others 2014). Challenges with privacy issues in
sharing social science data may be a barrier to
addressing multidisciplinary, socioecological fron-
tiers (see above).
Not Enough Funding
Although we structured our survey and commu-
nity engagement to deliberately avoid the
inevitable concern that funding for frontiers re-
search is inadequate, both the community and the
workshop attendees identified a few areas that,
without significant funding support, will limit
progress in our field. Of particular concern in
ecosystem ecology are the difficulties of funding
large-scale experiments and large interdisciplinary
collaborations that are a hallmark of the discipline.
There is also concern about support for crucial
cyberinfrastructure and, more broadly, data man-
agement/IT support for ecosystem ecology. The
recent NSF interdisciplinary programs within SEES
and Macrosystems Biology are hopeful signs
(Box 3), but the sustainability and persistence of
these programs is not clear. An additional chal-
lenge is that the size and structure of teams nee-
ded to advance complex system understanding
requires different management, collaboration, and
success models (Cheruvelil and others 2014).
Training and support to develop these models will
require new resources and new modes of training
(Read and others unpublished manuscript;
Hetherington and others unpublished manu-
script). Finally, interagency funding (for example,
NASA–NSF–DOE–USDA) was identified as a
potential opportunity, but currently, lack of
interdisciplinary funding is a barrier to new efforts
in ecosystem ecology.
FRONTIERS IN ECOSYSTEM ECOLOGY, THE
CORE, AND THE INTERDISCIPLINARY
INTERFACE
The heart of the frontier—the core of ecosystem
ecology—is driven by questions about system level
processes, function, and structure in place-based
ecological context (Fig. 2). Expert interviews
underscored the many basic scientific frontiers that
were identified in our analysis. What also emerged
from expert interviews was a list of 10 defining
characteristic criteria for frontier research, includ-
ing: core relevance, linking scales, change, human
dimensions, interdisciplinary collaboration, new
Box 3. Programmatic and Funding Catalysis of Frontier Foci
In addition to the essential core funding programs in ecosystem ecology (e.g., NSF, USDA, NASA, EPA), programmatic
stimuli and funding opportunities have resulted in advances in understanding drivers of ecosystem change. For
example, specific interdisciplinary requests for proposals (e.g., NSF programs on Coupled Natural Human Systems,
Science, Engineering and Education for Sustainability (SEES), Macrosystems Biology) have motivated scholars to de-
velop new ways to analyze the interactions among biophysical and social drivers of ecosystem change at ecosystem,
landscape, regional, and continental scales (Chen and Liu 2014; Heffernan and others 2014; Soranno and others 2014).
The continued focus, by NSF and others, on creating synthesis centers, such as NCEAS, NimBios, the Powell Center, and
SESYNC is also a huge catalyst in understanding complex interactions among drivers and responses (Hampton and
Parker 2011).
Fig. 2. The core of ecosystem ecology provides the
foundational knowledge that bounds ecosystem science
as a discipline, and defines the edges of knowledge as it is
currently understood. Frontiers expand the edges of the
core in a ripple effect fashion, pushing outward in re-
sponse to environmental change, emerging environ-
mental problems and topics, and ongoing challenges in
order to find new ways of making sense of complexity
and developing a more holistic understanding of
ecosystems. Without the foundation of the core, frontier
research cannot sustain its transformational power.
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tools and methods, application, new topics and
problems, ongoing challenges and topics, and pre-
dictive capacity. We highlight briefly two of these
criteria—linking scales and core relevance—be-
cause they, unlike the other criteria, did not
explicitly emerge as important frontier considera-
tions in the soapbox and survey analyses. Linking
scales: Several key informants argued that ecosys-
tem ecology must enhance understanding of feed-
backs between various temporal and spatial scales,
and that investments made in new tools and
interdisciplinary collaboration should be explicitly
focused on linking scales. In fact, one key infor-
mant suggested that frontiers become transforma-
tional because they encourage researchers to think
across scales, and through that process they expand
the foundations of ecosystem ecology. Core rele-
vance: Most of the frontiers identified by the
community reside at the core of ecosystem ecology
and are driven by questions about system level
process, function, and structure in a place-based
ecological context (Fig. 2). The relationship be-
tween frontiers and the core of ecosystem ecology
is such that the two cannot be measured as
mutually exclusive. The core provides the founda-
tional knowledge that bounds ecosystem ecology as
a discipline, and the frontiers defines the edges of
knowledge as currently understood. Each dynam-
ically feeds the other: the core helps define fron-
tiers while frontiers simultaneously push the core
beyond preexisting boundaries of knowledge. This
dynamism between the core and frontiers renders
them nonstatic, as each continuously transforms
the other, and through this process advances the
science as a whole. Researchers who actively en-
gage in both core and frontier research through a
process described by one key informant as,
‘‘jumping past the edge and then kind of working
your way back.’’ It is at the interface of disciplines
that some of the most innovative understanding
emerges (Wiek and others 2015).
Our detailed ethnographic analysis of key infor-
mant interviews further suggested that without the
core—the discipline’s foundational knowledge,
frontier research cannot sustain its transforma-
tional power. However, at the same time, this
analysis suggested that frontiers expand the edges
of the core in a ripple effect fashion, pushing out-
ward in response to environmental change,
emerging environmental problems and topics, and
ongoing challenges in order to find new ways of
making sense of complexity and develop a more
holistic understanding of ecosystems. These
expansions require interaction with other disci-
plines (Table 2; Fig. 1).
There is convergence in what ecosystem ecolo-
gists see as the global socioenvironmental frontiers
and the frontiers of many other disciplines. This is a
good sign, suggesting that across-disciplines, we are
heading in the same direction, and using a systems
approach. But this convergence raises questions
about the appropriate roles for different disciplines
in multidisciplinary frontiers and how these disci-
plines can maintain their core focus while moving
forward and sharing knowledge, technology, and
tools.
SUMMARY AND CONCLUSIONS
Through surveys, soapbox talks, community
engagement at town halls, and expert interviews it
became clear that there are cutting edge ideas, and
tremendous energy and excitement about new re-
search in ecosystem ecology. To our knowledge, no
comparable past scientific community assessment
in such a co-designed fashion has been carried out.
Yet, interestingly, many of the overarching fron-
tiers are enduring (for example, Baron and Galvin
1990; Pace and Groffman 1999; Bechtold and oth-
ers 2013)—meaning that they have shown up be-
fore in past frontiers assessments. This persistence
suggests that the core of ecosystem ecology as a
discipline is robust, but is consistently expanding.
With the application of new tools, new data, and
new approaches, it is possible to unravel the details
of critically important topics in ecosystem ecology,
for example, the nature and impact of state chan-
ges, thresholds and tipping points, and the details of
nutrient cycles. There is also new work, both
empirical and modeling, on the drivers of change,
such as climate, land use, and invasive species, and
on the details of the black boxes that carry out
ecosystem processes. What is both surprising and
encouraging is that there is impressive ongoing
work on fundamental processes and unan-
swered questions that underpin life, such as the
controls and feedbacks on production, consump-
tion, decomposition, nutrient cycling, and energy
dynamics. This work is being carried out in human-
dominated as well as ‘natural’ systems.
New tools and technologies are increasingly
available (for example, sensors, genomics, new
techniques for data analysis, and remote sensing
products) and are being integrated into ecosystem
experiments, models, long-term data, comparative
studies, and used to test theory, fundamental to
new knowledge on ecosystem structure, and
function. Our ability to measure and model fun-
damental processes has improved enormously but
still has a long way to go. We anticipate that as
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sensors and instruments are developed that can
measure (or measure indices of) biotic activity, and
more robust nonlinear models are developed to
link pattern and process, the next wave of trans-
formational knowledge will result.
Thebarriers to advancing the frontiers of ecosystem
ecology are largely surmountable: support, training,
cyberinfrastructure to share and explore ‘big data.’
However, catalyzing the cultural shift that must
happen in order to redefine both the reward system
for transdisciplinary research, as well as what consti-
tutes success in this research is a bigger challenge.
Ecosystem ecologists are increasingly engaging in
critically important and new interfaces between
disciplines and between science and society, such
as urban and global ecology, and sustainability
studies. Given the systems and multidisciplinary
approaches are the hallmarks of ecosystem ecology,
this suggests that our science has a critical and a
leading role to play in these new spaces and places;
the future of ecosystem ecology appears bright, and
fully energized.
ACKNOWLEDGMENTS
The project ‘‘Frontiers in Ecosystem Science:
Energizing the Research Agenda’’ was funded by
NSF DEB-1143517. Our final workshop was par-
tially supported by the National Socio-Ecological
Environmental Synthesis Center (SESYNC). We
thank all of our soapbox speakers, survey partici-
pants, and expert interviewees for contributing
their insights into this effort, and SESYNC Work-
shop participants, especially those who commented
on this manuscript, including Jill Baron, John
Melack, Michael Pace, and Robert Sterner. The
manuscript also benefitted from comments by two
editors and two anonymous reviewers.
OPEN ACCESS
This article is distributed under the terms of the
Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/
4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you
give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons
license, and indicate if changes were made.
REFERENCES
Alberti M, Marzluff JM, Shulenberger E, Bradley G, Ryan C,
Zumbrunnen C. 2003. Integrating humans into ecology:
opportunities and challenges for studying urban ecosystems.
BioScience 53:1169–79.
Amundson R, Jenny H. 1997. Thinking of biology: on a state
factor model of ecosystems. BioScience 47:536–43.
Asner GP, Vitousek PM. 2005. Remote analysis of biological
invasion and biogeochemical change. Proc Natl Acad Sci USA
102:4383–6.
Baron J, Galvin KA. 1990. Future directions of ecosystem sci-
ence. BioScience 40:640–2.
Bascompte J, Stouffer DB. 2009. The assembly and disassembly
of ecological networks. Philos Trans R Soc Lond B Biol Sci
364:1781–7.
Bechtold HJ, Strayer DL, Weathers KC. 2013. In: Weathers KC
et al., Eds. Fundamentals of ecosystem science. London:
Academic Press. p 279–96.
Bestelmeyer BT, Duniway MC, James DK, Burkett LM, Havstad
KM. 2013. A test of critical thresholds and their indicators in a
desertification-prone ecosystem: more resilience than we
thought. Ecol Lett 16:339–45.
Bigsby K, McHale M, Hess G. 2014. Urban morphology drives
the homogenization of tree cover in Baltimore, MD, and Ra-
leigh, NC. Ecosystems 17:212–27.
Bonan GB, Oleson KW, Fisher RA et al. 2012. Reconciling leaf
physiological traits and canopy flux data: use of the TRY and
FLUXNET databases in the Community Land Model version 4.
J Geophys Res 117:G02026. doi:10.1029/2011JG001913.
Bonney R, Cooper CB, Dickinson J, Kelling S, Phillips T,
Rosenberg KV, Shirk J. 2009. Citizen science: a developing
tool for expanding science knowledge and scientific literacy.
BioScience 59:977–84.
Borer ET, Harpole WS, Adler PB, Lind EM, Orrock JL, Seabloom
EW, Smith MD. 2014. Finding generality in ecology: a model
for globally distributed experiments. Method Ecol Evol 5:65–
73.
Borgman C, Wallis J, Enyedy N. 2007. Little science confronts
the data deluge: habitat ecology, embedded sensor networks,
and digital libraries. Int J Digit Libr 7:17–30.
Bracken LJ, Wainwright J, Ali G, Roy AG, Smith MW, Tetzlaff D,
Reaney S. 2013. Concepts of hydrological connectivity: re-
search approaches, pathways and future agendas. Earth Sci
Rev 119:17–34.
Brock WA, Carpenter SR. 2010. Interacting regime shifts in
ecosystems: implication for early warnings. Ecol Monogr
80:353–67.
Burke IC, Lauenroth WK. 2011. Theory of ecosystem ecology.
In: Scheiner S, Willig M, Eds. Theory of ecology. London:
Oxford University Press. p 243–58.
Cadenasso ML, Pickett STA, Grove JM. 2006. Dimensions of
ecosystem complexity: heterogeneity, connectivity, and his-
tory. Ecol Complex 3:1–12.
Carpenter SR, Cole JJ, Pace ML, Batt R, Brock WA, Cline T,
Coloso J, Hodgson JR, Kitchell JF, Seekell DA, Smith L,
Weidel B. 2011. Early warnings of regime shifts: a whole-
ecosystem experiment. Science 332:1079–82.
Carpenter SR, Mooney HA, Agard J, Capistrano D, DeFries RS,
Diaz S, Dietz T, Duraiappah AK, Oteng-Yeboah A, Pereira HM,
Perrings C, Reid WV, Sarukhan J, Scholes RJ, Whyte A. 2009.
Science for managing ecosystem services: beyond the mil-
lennium ecosystem assessment. Proc Natl Acad Sci USA
106:1305–12.
Careers: STEM education. 2015. To build a scientist. Nature
523:371–3.
CCSP. 2009. Thresholds of climate change in ecosystems. A
Report by the U.S. Climate Change Science Program and the
766 K.C. Weathers and others
Subcommittee on Global Change Research. (Fagre DB,
Charles CW, Allen CD, Birkeland C, Chapin FS III, Groffman
PM, Guntenspergen GR, Knapp AK, McGuire AD, Mulholland
PJ, Peters DPC, Roby DD, Sugihara G.) U.S. Geological Survey.
Washington, DC: Department of the Interior.
Chan KMA, Guerry AD, Balvanera P, Klain S, Satterfield T,
Basurto X, Bostrom A, Chuenpagdee R, Gould R, Halpern BS,
Hannahs N, Levine J, Norton B, Ruckelshaus M, Russell R,
Tam J, Woodside U. 2012. Where are cultural and social in
ecosystem services? A framework for constructive engage-
ment. BioScience 62:744–56.
Chapin FS, Carpenter SR, Kofinas GP, Folke C, Abel N, Clark
WC, Olsson P, Smith DMS, Walker B, Young OR, Berkes F,
Biggs R, Grove JM, Naylor RL, Pinkerton E, Steffen W,
Swanson FJ. 2010. Ecosystem stewardship: sustainability
strategies for a rapidly changing planet. Trends Ecol Evol
25:241–9.
Chen J, Liu Y. 2014. Coupled natural and human systems: a
landscape ecology perspective. Landsc Ecol 29:1641–4.
Cheruvelil KS, Soranno PA, Weathers KC, Hanson PC, Goring SJ,
Filstrup CT, Read EK. 2014. Creating and maintaining
high-performing collaborative research teams: the importance
of diversity and interpersonal skills. Front Ecol Environ 12:
31–8.
Childers DL, Corman J, Edwards M, Elser JJ. 2011. Sustainability
challenges of phosphorus and food: solutions from closing the
human phosphorus cycle. BioScience 61:117–24.
Chisholm RA, Levin SA. 2012. Linking dispersal and immigra-
tion in multidimensional environments. Bull Math Biol
74:1754–63.
Chowdhury R, Larson K, Grove JM, Polsky C, Cook E, Onsted J,
Ogden L. 2011. A multi-scalar approach to theorizing socio-
ecological dynamics of urban residential landscapes. Cities
Environ (CATE) 4:Article 6. http://digitalcommons.lmu.edu/
cate/vol4/iss1/6.
Clark JS, Carpenter SR, Barber M, Collins S, Dobson A, Foley JA,
Lodge DM, Pascual M, Pielke R Jr, Pizer W, Pringle C, Reid
WV, Rose KA, Sala O, Schlesinger WH, Wall DH, Wear D.
2001. Ecological forecasts: an emerging imperative. Science
293:657–60.
Collins SL, Carpenter SR, Swinton SM, Orenstein DE, Childers
DL, Gragson TL, Grimm NB, Grove JM, Harlan SL, Kaye JP,
Knapp AK, Kofinas GP, Magnuson JJ, McDowell WH, Melack
JM, Ogden LA, Robertson GP, Smith MD, Whitmer AC. 2010.
An integrated conceptual framework for long-term social–
ecological research. Front Ecol Environ 9:351–7.
Conley DJ. 2012. Ecology: save the Baltic Sea. Nature 486:
463–4.
Coreau A, Pinay G, Thompson JD, Cheptou P-O, Mermet L.
2009. The rise of research on futures in ecology: rebalancing
scenarios and predictions. Ecol Lett 12:1277–86.
Cottingham KL, Ewing HA, Carey CC, Greer ML, Weathers KC.
2015. Cyanobacteria as drivers of lake nitrogen and phos-
phorus cycling. Ecosphere 6:1. doi:10.1890/ES14-00174.1.
Deegan LA, Johnson DS, Warren RS, Peterson BJ, Fleeger JW,
Fagherazzi S, Wollheim WM. 2012. Coastal eutrophication as
a driver of salt marsh loss. Nature 490:388–92.
Dickinson JL, Zuckerberg B, Bonter DN. 2010. Citizen science as
an ecological research tool: challenges and benefits. Annu Rev
Ecol Evol Syst 41:149–72.
Dodds WK, Bouska WW, Eitzmann JL, Pilger TJ, Pitts KL, Riley
AJ, Schloesser JT, Thornbrugh DJ. 2009. Eutrophication of US
freshwaters: analysis of potential economic damages. Environ
Sci Technol 43:12–19.
Duarte CM, Holmer M, Olsen Y, Soto D, Marba` N, Guiu J, Black
K, Karakassis I. 2009. Will the oceans help fee humanity?
Bioscience 59:967–76.
Duarte CM, Losada IJ, Hendriks IE, Mazarrasa I, Marba˛ N. 2013.
The role of coastal plant communities for climate change
mitigation and adaptation. Nat Clim Change 3:961–8. doi:10.
1038/nclimate1970.
Dukes JS, Pontius J, Orwig D, Garnas JR, Rodgers VL, Brazee N,
Cooke B, Theoharides KA, Stange EE, Harrington R, Ehren-
feld J, Gurevitch J, Lerdau M, Stinson K, Wick R, Ayres M.
2009. Responses of insect pests, pathogens, and invasive plant
species to climate change in the forests of northeastern North
America: what can we predict? Can J Forest Res 39:231–48.
Eigenbrode SD, O’Rourke M, Wulfhorst JD, Althoff DM, Gold-
berg CS, Merrill K, Morse W, Nielsen-Pincus M, Stephens J,
Winowiecki L, Bosque-Pe´rez NA. 2007. Employing philo-
sophical dialogue in collaborative science. BioScience 57:55–
64.
Eviner VT, Chapin FSIII. 2003. Functional matrix: a conceptual
framework for predicting multiple plant effects on ecosystem
processes. Annu Rev Ecol Evol Syst 34:455–85.
Felson AJ, Bradford MA, Terway TM. 2013. Promoting earth
stewardship through urban design experiments. Front Ecol
Environ 11:362–7.
Foley JA, DeFries R, Asner GP, Barford C, Bonan G, Carpenter
SR, Chapin FS, Coe MT, Daily GC, Gibbs HK, Helkowski JH,
Holloway T, Howard EA, Kucharik CJ, Monfreda C, Patz JA,
Prentice IC, Ramankutty N, Snyder PK. 2005. Global conse-
quences of land use. Science 309:570–4.
Foley JA, Ramankutty N, Brauman KA, Cassidy ES, Gerber JS,
JohnstonM,Mueller ND,O’Connell C, Ray DK,West PC, Balzer
C, Bennett EM, Carpenter SR, Hill J, Monfreda C, Polasky S,
Rockstrom J, Sheehan J, Siebert S, Tilman D, Zaks DPM. 2011.
Solutions for a cultivated planet. Nature 478:337–42.
Francis CA, Beman JM, Kuypers MM. 2007. New processes and
players in the nitrogen cycle: the microbial ecology of anaer-
obic andarcheal ammonia oxidation. ISME J 1:19–27.
Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai ZC,
Freney JR, Martinelli LA, Seitzinger SP, Sutton MA. 2008.
Transformation of the nitrogen cycle: recent trends, questions,
and potential solutions. Science 320:889–92.
Golley FB. 1996. A history of the ecosystem concept in ecology:
more than the sum of the parts. New Haven (CT): Yale
University Press.
Goring S, Weathers KC, Dodds WK, Soranno PA, Sweet LC,
Cheruvelil KS, Kominoski JS, Ru¨egg J, Thorn AM, Utz RM.
2014. Improving the culture of interdisciplinary collaboration
in ecology by expanding measures of success. Front Ecol
Environ 14:39–47.
Graedel TE. 2011. On the future availability of the energy
metals. Clarke DR, Fratzl P, Eds. Annu Rev Mater Res, Vol 41.
Annual Reviews, Palo Alto. p 323–35.
Grimm NB, Foster D, Groffman P, Grove JM, Hopkinson CS,
Nadelhoffer KJ, Pataki DE, Peters DPC. 2008a. The changing
landscape: ecosystem responses to urbanization and pollution
across climatic and societal gradients. Front Ecol Environ
6:264–72.
Grimm NB, Faeth SH, Golubiewski NE, Redman CL, Wu JG, Bai
XM, Briggs JM. 2008b. Global change and the ecology of ci-
ties. Science 319:756–60.
Frontiers in Ecosystem Ecology from a Community Perspective 767
Grimm NB, Chapin FSIII, Bierwagen B, Gonzalez P, Groffman
PM, Luo Y, Melton F, Nadelhoffer K, Pairis A, Raymond PA,
Schimel J, Williamson CE. 2013. The impacts of climate
change on ecosystem structure and function. Front Ecol
Environ 11:474–82.
Groffman P, Baron J, Blett T, Gold A, Goodman I, Gunderson L,
Levinson B, Palmer M, Paerl H, Peterson G, Poff N, Rejeski D,
Reynolds J, Turner M, Weathers K, Wiens J. 2006. Ecological
thresholds: the key to successful environmental management
or an important concept with no practical application?
Ecosystems 9:1–13.
Groffman PM, Cavender-Bares J, Bettez ND, Grove JM, Hall SJ,
Heffernan JB, Hobbie SE, Larson KL, Morse JL, Neill C, Nelson
K, O’Neil-Dunne J, Ogden L, Pataki DE, Polsky C, Chowdhury
RR, Steele MK. 2014. Ecological homogenization of urban
USA. Front Ecol Environ 12:74–81.
Groffman PM, Driscoll CT, Likens GE, Fahey TJ, Holmes RT,
Eagar C, Aber JD. 2004. Nor gloom of night: a new conceptual
model for the Hubbard Brook Ecosystem Study. BioScience
54:139–48.
Grove JM, Troy AR, O’Neil-Dunne JPM, Burch WR, Cadenasso
ML, Pickett STA. 2006a. Characterization of households and
its implications for the vegetation of urban ecosystems.
Ecosystems 9:578–97.
Grove JM, Cadenasso ML, Burch WR, Pickett STA, Schwarz K,
O’Neil-Dunne J, Wilson M, Troy A, Boone C. 2006b. Data and
methods comparing social structure and vegetation structure
of urban neighborhoods in Baltimore, Maryland. Soc Nat
Resour 19:117–36.
Gunderson LH. 2000. Ecological resilience: theory to practice.
Annu Rev Ecol Evol Syst 31:421–39.
Hamilton DP, Carey CC, Arvola L, Arzberger P, Brewer C, Cole
JJ, Gaiser E, Hanson PC, Ibelings BW, Jennings E, Kratz TL,
Lin F-P, McBride CG, de Motta Marques D, Muraoka K, Nishri
A, Qin G, Read JS, Rose KC, Ryder E, Weathers KC, Zhu G,
Trolle D, Brookes JD. 2014. A global lake observatory network
(GLEON) for synthesizing high-frequency sensor data for
validation of deterministic ecological models. Inland Waters
5:49–56.
Hampton SE, Parker JN. 2011. Collaboration and productivity in
scientific synthesis. BioScience 61:900–10.
Hampton SE, Strasser CA, Tewksbury JJ, GramWK, Budden AE,
Batcheller AL, Duke CS, Porter JH. 2013. Big data and the
future of ecology. Front Ecol Environ 11:156–62.
Harden CP, Chin A, English MR, Fu R, Galvin KA, Gerlak AK,
McDowell PF, McNamara DE, Peterson JM, Poff NL, Rosa EA,
Solecki WD, Wohl EE. 2014. Understanding human-land-
scape interactions in the ‘‘Anthropocene’’. Environ Manage
53:4–13.
Heffernan JB, Soranno PA, Angilletta MJ, Buckley LB, Gruner
DS, Keitt TH, Kellner JR, Kominoski JS, Rocha AV, Xiao J,
Harms TK, Goring SJ, Koenig LE, McDowell WH, Powell H,
Richardson AD, Stow CA, Vargas R, Weathers KC. 2014.
Macrosystems ecology: understanding ecological patterns and
processes at continental scales. Front Ecol Environ 12:5–14.
Hinckley ELS, Wieder W, Fierer N, Paul E. 2014. Digging into the
world beneath our feet: bridging across scales in the age of
global change. Eos, Trans Am Geophys Union 95:96–7.
Hogan K, Weathers KC. 2003. Psychological and ecological
perspectives on the development of systems thinking? In
Berkowitz AR, Nilon CH, Hollweg KS, Eds. Understanding
urban ecosystems: a new frontier for science and education. p
233–60.
Holling CS. 1973. Resilience and stability of ecological systems.
Annu Rev Ecol Syst 4:1–23.
Ibanez I, Primack RB, Miller-Rushing AJ, Ellwood E, Higuchi H,
Lee SD, Kobori H, Silander JA. 2010. Forecasting phenology
under global warming. Philos Trans R Soc B 365:3247–60.
IPCC. 2014: Climate Change 2014: Synthesis Report. Contribu-
tion of Working Groups I, II and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change
[Core Writing Team]. In: Pachauri RK, Meyer LA Eds. Gene-
va: IPCC.
Janssens IA, Dieleman W, Luyssaert S, Subke J-A, Reichstein M,
Ceulemans R, Ciais P, Dolman AJ, Grace J, Matteucci G, Pa-
pale D, Piao SL, Schulze E-D, Tang J, Law BE. 2010. Reduction
of forest soil respiration in response to nitrogen deposition.
Nat Geosci 3:315–22.
Jones MB, Schildhauer MP, Reichman OJ, Bowers S. 2006. The
new bioinformatics: integrating ecological data from the gene
to the biosphere. Annu Rev Ecol Evol Syst 37:519–44.
Keller M, Schimel DS, Hargrove WW, Hoffman FM. 2008. A
continental strategy for the National Ecological Observatory
Network. Front Ecol Environ 6:282–4.
Kellogg CA, Griffin DW. 2006. Aerobiology and the global
transport of desert dust. Trends Ecol Evol 21:638–44.
Klug JL, Richardson DC, Ewing HA, Hargreaves BR, Samal NR,
Vachon D, Pierson DC, Lindsey AE, O’Donnell D, Effler SW,
Weathers KC. 2012. Ecosystem effects of a tropical cyclone on
a network of lakes in northeastern North America. Environ
Sci Technol 46:11693–701.
Knapp S, Dinsmore L, Fissore C, Hobbie SE, Jakobsdottir I,
Kattge J, King JY, Klotz S, McFadden JP, Cavender-Bares J.
2012. Phylogenetic and functional characteristics of house-
hold yard floras and their changes along an urbanization
gradient. Ecology 93:S83–98.
Larson AJ, Belote RT, Cansler CA, Parks SA, Dietz MS. 2013.
Latent resilience in ponderosa pine forest: effects of resumed
frequent fire. Ecol Appl 23:1243–9.
Lau JA. 2006. Evolutionary responses of native plants to novel
community members. Evolution 60:56–63.
Lau JA, Shaw RG, Reich PB, Tiffin P. 2014. Indirect effects drive
evolutionary responses to global change. New Phytol 201:335–
43.
LIDET (Long-Term Intersite Decomposition Experiment Team).
1995. Meeting the challenges of long-term, broad-scale ecolog-
ical experiments, Publication. No. 19. U.S. LTERNetworkOffice.
Levins R, Lewontin R. 1980. Dialectics and reductionism in
ecology. Synthese 43:47–78.
Lewis DB, Kaye JP, Kinzig AP. 2014. Legacies of agriculture and
urbanization in labile and stable organic carbon and nitrogen
in Sonoran Desert soils. Ecosphere 5:art59.
Likens GE. 1992. The ecosystem approach: its use and abuse.
Oldendork-Luhe (Germany): The Ecology Institute. p 166.
Liu J, Dietz T, Carpenter SR, Alberti M, Folke C, Moran E, Pell
AN, Deadman P, Kratz T, Lubchenco J, Ostrom E, Ouyang Z,
Provencher W, Redman CL, Schneider SH, Taylor WW. 2007.
Complexity of coupled human and natural systems. Science
317:1513–16.
McDonnell MJ, Pickett STA, Eds. 1993. Humans as components
of ecosystems: the ecology of subtle human effects and pop-
ulated areas. New York: Springer.
MEA. 2005. Ecosystems and human well-being: synthesis
(Millenium Ecosystem Assessment). Washington, DC: World
Resources Institute.
768 K.C. Weathers and others
Melack JM, Finzi AC, Siegel D, MacIntyre S, Nelson CE, Auf-
denkamp AK, Pace ML. 2011. Improving biogeochemical
knowledge through technological innovation. Front Ecol
Environ 9:37–43.
Michalak AM, Anderson EJ, Beletsky D, Boland S, Bosch NS,
Bridgeman TB, Chaffin JD, Cho K, Confesor R, Dalog˘lu I,
DePinto JV, Evans MA, Fahnenstiel GL, He L, Ho JC, Jenkins
L, Johengen TH, Kuo KC, LaPorte E, Liu X, McWilliams MR,
Moore MR, Posselt DJ, Richards RP, Scavia D, Steiner AL,
Verhamme E, Wright DM, Zagorski MA. 2013. Record-setting
algal bloom in Lake Erie caused by agricultural and meteo-
rological trends consistent with expected future conditions.
Proc Natl Acad Sci USA 110:6448–52.
Michener W, Beach J, Jones M, Luda¨scher B, Pennington D,
Pereira R, Rajasekar A, Schildhauer M. 2007. A knowledge
environment for the biodiversity and ecological sciences. J
Intell Inf Syst 29:111–26.
Michener W, Vieglais D, Vision T, Kunze J, Cruse P, Janee G.
2011. DataONE: data observation network for earth—pre-
serving data and enabling innovation in the biological and
environmental sciences. D-Lib Mag 17:1–12.
Myers SS, Gaffikin L, Golden CD, Ostfeld RS, Redford KH,
Ricketts TH, Turner WR, Osofsky SA. 2013. Human health
impacts of ecosystem alteration. Proc Natl Acad Sci USA
110:18753–60.
Na¨sholm T, Kielland K, Ganeteg U. 2009. Uptake of organic
nitrogen by plants. New Phytol 182:31–48.
Noor MAF, Zimmerman KJ, Teeter KC. 2006. Data sharing: how
much doesn’t get submitted to GenBank? PLoS Biol 4:e228.
Odum EP. 1969. Fundamentals of Ecology. 3rd edn. Philadelphia
(PA): W.B. Saunders & Company. p 384.
Ostrom E. 2009. A general framework for analyzing sustain-
ability of social-ecological systems. Science 325:419–22.
Pace ML, Groffman PM, Eds. 1999. Successes, limitations,
and frontiers in ecosystem science. New York: Springer.
p 499.
Paerl HW, Rossignol KL, Guajardo R, Hall NS, Joyner AR, Peierls
BL, Ramus JS. 2009. FerryMon: ferry-based monitoring and
assessment of human and climatically driven environmental
change in the Albemarle-Pamlico Sound system. Environ Sci
Technol 43:7609–13.
Palmer MA, Bernhardt ES, Chornesky EA, Collins SL, Dobson
AP, Duke CS, Gold BD, Jacobson RB, Kingsland SE, Kranz RH,
Mappin MJ, Martinez ML, Micheli F, Morse JL, Pace ML,
Pascual M, Palumbi SS, Reichman O, Townsend AR, Turner
MG. 2005. Ecological science and sustainability for the 21st
century. Front Ecol Environ 3:4–11.
Paradis A, Elkinton J, Hayhoe K, Buonaccorsi J. 2008. Role of
winter temperature and climate change on the survival and
future range expansion of the hemlock woolly adelgid (Adelges
tsugae) in eastern North America. Mitig Adapt Strat Glob
Chang. 13:541–54.
Peters DPC, Bestelmeyer BT, Turner MG. 2007. Cross-scale
interactions and changing pattern-process relationships: con-
sequences for system dynamics. Ecosystems 10:790–6.
Peters DPC, Lugo AE, Chapin FS, Pickett STA, Duniway M,
Rocha AV, Swanson FJ, Laney C, Jones J. 2011. Cross-system
comparisons elucidate disturbance complexities and general-
ities. Ecosphere 2:art81.
Pickett STA, Cadenasso ML, Grove JM. 2005. Biocomplexity in
coupled natural-human systems: a multidimensional frame-
work. Ecosystems 8:225–32.
Porter E, Bowman W, Clark C, Compton J, Pardo L, Soong J.
2013. Interactive effects of anthropogenic nitrogen enrich-
ment and climate change on terrestrial and aquatic biodiver-
sity. Biogeochemistry 114:93–120.
Raffa KF, Aukema BH, Bentz BJ, Carroll AL, Hicke JA, Turner
MG, Romme WH. 2008. Cross-scale drivers of natural dis-
turbances prone to anthropogenic amplification: dynamics of
biome-wide bark beetle eruptions. BioScience 58:501–18.
Redman C, Grove JM, Kuby L. 2004. Integrating social science
into the long term ecological research (LTER) network: social
dimensions of ecological change and eological dmensions of
scial change. Ecosystems 7:161–71.
Reichman OJ, Jones MB, Schildhauer MP. 2011. Challenges and
opportunities of open data in ecology. Science 331:703–5.
Robertson GP, Collins SL, Foster DR, Brokaw N, Ducklow HW,
Gragson TL, Gries C, Hamilton SK, McGuire AD, Moore JC,
Stanley EH, Waide RB, Williams MW. 2012. Long-term eco-
logical research in a human-dominated world. BioScience
62:342–53.
Rockstrom J, SteffenW, Noone K, Persson A, Chapin FS, Lambin
EF, Lenton TM, Scheffer M, Folke C, Schellnhuber HJ, Nykvist
B, de Wit CA, Hughes T, van der Leeuw S, Rodhe H, Sorlin S,
Snyder PK, Costanza R, Svedin U, Falkenmark M, Karlberg L,
Corell RW, Fabry VJ, Hansen J, Walker B, Liverman D,
Richardson K, Crutzen P, Foley JA. 2009. A safe operating
space for humanity. Nature 461:472–5.
Scheffer M, Carpenter SR, Lenton TM, Bascompte J, Brock W,
Dakos V, van de Koppel J, van de Leemput IA, Levin SA, van
Nes EH, Pascual M, Vandermeer J. 2012. Anticipating critical
transitions. Science 338:344–8.
Scheffer M, Bascompte J, Brock WA, Brovkin V, Carpenter SR,
Dakos V, Held H, van Nes EH, Rietkerk M, Sugihara G. 2009.
Early-warning signals for critical transitions. Nature 461:53–9.
Schimel D, Bennett J. 2004. Nitrogen mineralization: challenges
of a changing paradigm. Ecology 85:591–602.
Schimel D, Hargrove W, Hoffman F, MacMahon J. 2007. NEON:
a hierarchically designed national ecological network. Front
Ecol Environ 5:59.
Schimel D. 2011. The era of continental-scale ecology. Front
Ecol Environ 9:311.
Schlesinger WH, Cole JJ, Finzi AC, Holland EA. 2011. Intro-
duction to coupled biogeochemical cycles. Front Ecol Environ
9:5–8.
Sistla SA, Moore JC, Simpson RT, Gough L, Shaver GR, Schimel
JP. 2013. Long-term warming restructures Arctic tundra
without changing net soil carbon storage. Nature 497:615–19.
Smith MD. 2011. An ecological perspective on extreme climatic
events: a synthetic definition and framework to guide future
research. J Ecol 99:656–63.
Smith VH, Schindler DW. 2009. Eutrophication science: where
do we go from here? Trends Ecol Evol 24:201–7.
Soranno PA, Cheruvelil KS, Bissell EG, Bremigan MT, Downing
JA, Fergus CE, Filstrup CT, Henry EN, Lottig NR, Stanley EH,
Stow CA, Tan P-N, Wagner T, Webster KE. 2014. Cross-scale
interactions: quantifying multi-scaled cause–effect relation-
ships in macrosystems. Front Ecol Environ 12:65–73.
Soranno PA, Schimel DS. 2014. Macrosystems ecology: big data,
big ecology. Front Ecol Environ 12:3.
Staudinger MD, Carter SL, Cross MS, Dubois NS, Duffy JE, En-
quist C, Griffis R, Hellmann JJ, Lawler JJ, O’Leary J, Morrison
SA, Sneddon L, Stein BA, Thompson LM, Turner W. 2013.
Frontiers in Ecosystem Ecology from a Community Perspective 769
Biodiversity in a changing climate: a synthesis of current and
projected trends in the US. Front Ecol Environ 11:465–73.
Sterner RW, Elser JJ. 2002. Ecological Stoichiometry: the biol-
ogy of elements from molecules to the biosphere. Princeton
University Press. p 464.
Sutherland WJ, Freckleton RP, Godfray CJ, Beissinger SR,
Benton T, Cameron DD, Carmel Y, Coomes DA, Coulson T,
Emmerson MC, Hails RS, Hays GC, Hodgson DJ, Hutchings
MJ, Johnson D, Jones JPG, Keeling MJ, Kokko H, Kunin WE,
Lambin X, Lewis OT, Malhi Y, Mieszkowska N, Milner-Gul-
land EJ, Norris K, Phillimore AB, Purves DW, Reid JM, Reu-
man DC, Thompson K, Travis JMJ, Turnbull LA, Wardle DA,
Wiegand T. 2013. Identification of 100 fundamental ecological
questions. J Ecol 101:58–67.
Tallis H, Kareiva P, Marvier M, Chang A. 2008. An ecosystem
services framework to support both practical conservation and
economic development. Proc Natl Acad Sci USA 105:9457–64.
Theobald EJ, Ettinger AK, Burgess HK, DeBey LB, Schmidt NR,
Froehlich HE, Wagner C, HilleRisLambers J, Tewksbury J,
Harsch MA, Parrish JK. 2015. Global change and local solu-
tions: tapping the unrealized potential of citizen science for
biodiversity research. Biol Conserv 181:236–44.
Thomas RQ, Bonan GB, Goodale CL. 2013. Insights into mech-
anisms governing forest carbon response to nitrogen deposi-
tion: a model-data comparison using observed responses to
nitrogen addition. Biogeosciences 10:3869–87.
Thomas RQ, Canham CD, Weathers KC, Goodale CL. 2010. In-
creased tree carbon storage in response to nitrogen deposition
in the US. Nat Geosci 3:13–17.
Thompson J, Foster D, Scheller R, Kittredge D. 2011. The
influence of land use and climate change on forest biomass
and composition in Massachusetts, USA. Ecol Appl 21:2425–
44.
Tilman D, Socolow R, Foley JA, Hill J, Larson E, Lynd L, Pacala
S, Reilly J, Searchinger T, Somerville C, Williams R. 2009.
Beneficial biofuels-the food, energy, and environment tri-
lemma. Science 325:270–1.
Troy AR, Grove JM, O’Neil-Dunne JPM, Pickett STA, Cadenasso
ML. 2007. Predicting opportunities for greening and patterns
of vegetation on private urban lands. Environ Manag 40:394–
412.
Turner BL, Lambin EF, Reenberg A. 2007. The emergence of
land change science for global environmental change and
sustainability. Proc Nat Acad Sci USA 104:20666–71.
Uriarte M, Ewing HA, Eviner VT, Weathers KC. 2007. Scientific
culture, diversity and society: suggestions for the development
and adoption of a broader value system in science. BioScience
57:71–8.
van Oijen M, Cameron DR, Butterbach-Bahl K, Farahbakhs-
hazad N, Jansson PE, Kiese R, Rahn KH, Werner C, Yeluripati
JB. 2011. A Bayesian framework for model calibration, com-
parison and analysis: application to four models for the bio-
geochemistry of a Norway spruce forest. Agric Forest Meteorol
151:1609–21.
Van Dolah, E, Paolisso, M. 2014. Identifying frontiers in
ecosystem science research: results from key informant
interviews. Unpublished report.
Vemuri AW, Grove JM, Wilson MA, Burch WRJ. 2011. A tale of
two scales: evaluating the relationship among life satisfaction,
social capital, income, and the natural environment at indi-
vidual and neighborhood levels in metropolitan Baltimore.
Environ Behav 43:1–25.
Vitousek PM, Mooney HA, Lubchenco J, Melillo JM. 1997.
Human domination of Earth’s ecosystems. Science 277:494–9.
Wallace D, Law CS, Boyd PW, Collos Y, Croot P, Denman K, Lam
PJ, Riebesell U, Takeda S, Williamson P. 2010. Ocean fertil-
ization. A scientific summary for policy makers. IOC/UN-
ESCO, Paris (IOC/ BRO/2010/2).
Wallenstein M, Hall E. 2012. A trait-based framework for pre-
dicting when and where microbial adaptation to climate
change will affect ecosystem functioning. Biogeochemistry
109:35–47.
Wang S, Loreau M. 2014. Ecosystem stability in space: a, b and c
variability. Ecol Lett 17:891–901.
Wardle DA. 2002. Communities and ecosystems: linking the
aboveground and belowground components. Princeton (NJ):
Princeton University Press. p 408.
Weathers KC, Strayer DL, Likens GE, Eds. 2013a. Fundamentals
of ecosystem science. New York: Academic Press. p 312.
Weathers KC, Hanson PC, Arzberger P, Brentrup J, Brookes J,
Carey CC, Gaiser E, Hamilton DP, Hong GS, Ibelings B, Jen-
nings E, Kim B, Kratz T, Lin F-P, Muraoka K, O’Reilly C,
Piccolo C, Rose KC, Zhu G. 2013b. The global lake ecological
observatory network (GLEON): the evolution of grassroots
network science. Limnol Oceanogr Bull 22:71–3.
Wieder WR, Boehnert J, Bonan GB. 2014. Evaluating soil bio-
geochemistry parameterizations in Earth system models with
observations. Global Biogeochem Cycle 28:211–22.
Wiek A, Harlow J, Melnick R, van der Leeuw S, Fukushi K,
Takeuchi K, Farioli F, Yamba F, Blake A, Geiger C, Kutter R.
2015. Sustainability science in action: a review of the state of
the field through case studies on disaster recovery, bioenergy,
and precautionary purchasing. Sustain Sci 10:17–31.
Wu J, Jones KB, Li H, Loucks OL, Eds. 2006. Scaling and
uncertainty analysis in ecology: methods and applications.
New York: Springer. p 338.
Wuebbles D, Meehl G, Hayhoe K, Karl TR, Kunkel K, Santer B,
Wehner M, Colle B, Fischer EM, Fu R, Goodman A, Janssen E,
Kharin V, Lee H, Li WH, Long LN, Olsen SC, Pan ZT, Seth A,
Sheffield J, Sun LQ. 2014. CMIP5 Climate model analyses:
climate extremes in the United States. Bull Am Meteorol Soc
95:571–83.
Yang W, Weber KA, Silver WL. 2014. Nitrogen loss from soil
through anaerobic ammonium oxidation coupled to iron
reduction. Nat Geosci 5:538–41.
Zimmerman N, Izard J, Klatt C, Zhou J, Aronson E. 2014. The
unseen world: environmental microbial sequencing and
identification methods for ecologists. Front Ecol Environ
12:224–31.
770 K.C. Weathers and others
